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[ 1 ] Oxygen isotope data provide a key test of general
circulation models (GCMs) for the Last Glacial Maximum
(LGM) in North America, which have otherwise proved
difficult to validate. High d18 O pedogenic carbonates
in central Wyoming have been interpreted to indicate
increased summer precipitation sourced from the Gulf of
Mexico. Here we show that tooth enamel d 18O of large
mammals, which is strongly correlated with local water
and precipitation d18 O, is lower during the LGM in
Wyoming, not higher. Similar data from Texas, California,
Florida and Arizona indicate higher d18 O values than
in the Holocene, which is also predicted by GCMs. Tooth
enamel data closely validate some recent models of
atmospheric circulation and precipitation d18O, including
an increase in the proportion of winter precipitation for
central North America, and summer precipitation in the
southern US, but suggest aridity can bias pedogenic
carbonate d18O values significantly. Citation: Kohn, M. J.,
and M. McKay (2010), Stable isotopes of fossil teeth corroborate
key general circulation model predictions for the Last Glacial Maximum in North America, Geophys. Res. Lett., 37, L22702,
doi:10.1029/2010GL045404.

1. Introduction
[2] The geologic record provides crucial observations for
testing climate models, and quantitative data for Pleistocene
glacial periods provide one of the main datasets in testing
general circulation models (GCMs). Somewhat surprisingly, geological observations in North America provide
little direct support for GCM predictions during the Last
Glacial Maximum (LGM). For example atmospheric GCMs
(AGCMs) and coupled ocean‐atmosphere GCMs (OAGCMs)
predict a glacial anticyclone centered over Canada that
produced easterlies over the midcontinent [e.g., COHMAP
Members, 1988; Shin et al., 2003; Braconnot et al., 2007],
generally decreased d18O values of annual precipitation at
mid‐ and high‐latitudes [e.g., Hoffmann et al., 2000], and
a strong winter vs. weak summer anticyclone [e.g., Bromwich
et al., 2004]. In contrast, loess deposits in the Great Plains and
geomorphology of glacial Lake Bonneville in Utah indicate
westerly winds [Muhs and Bettis, 2000; Jewell, 2010],
groundwater stable isotopes are inconclusive [Jouzel et al.,
1994], and stable isotopes of mid‐latitude paleosol carbo-

nates have been interpreted to indicate higher not lower
d18O values of precipitation [Amundson et al., 1996; Takeuchi
et al., 2009]. In particular, the high d 18O values in Wind River
glacial terraces (WRT) in Wyoming have been ascribed to
an increase in summer precipitation, sourced from the Gulf
of Mexico, and advected by a strong summer anticyclone
[Amundson et al., 1996]. Whereas much GCM research
has focused on isotopic temperature calibrations in ice cores
[Jouzel et al., 1997, 2003; Hoffmann et al., 2000], improved
modeling rigor (e.g., OAGCMs vs. AGCMs [Braconnot et al.,
2007]) and changes to climate seasonality [Bromwich et al.,
2004], first order discrepancies between models and data in
North America have not been addressed.
[3] Although we cannot resolve all model‐data inconsistencies, we can provide further insights into d18O values of
local water and precipitation, as well as changes to proportions of summer vs. winter precipitation, through a completely different precipitation d18O proxy –the d18O of tooth
enamel of LGM large mammals. Isotope data from Florida,
Texas, Arizona, and southern California have already been
published [Koch et al., 1998, 2004; Higgins and MacFadden,
2004; Feranec et al., 2009], but were not interpreted within
the context of GCMs. Key new data include specimens from
a stratified cave deposit at Natural Trap Cave (NTC), located
∼200 km NNE of the WRT; this area is well within the region
of NCAR‐CCSM OAGCM‐predicted decreased precipitation and d18O (Figure 1), but sensitive to moisture source
changes implied by the WRT data, i.e. it provides a crucial
test of GCMs. The NTC and WRT areas have almost identical modern precipitation and temperature patterns (Western
Regional Climate Center (WRCC), 2010, accessed 2010,
http://www.wrcc.dri.edu/) (Table 1), so we presume that any
increase in the proportion of high d18O summer precipitation
in the WRT area would be matched by an increase in d 18O
at NTC. In this study, however, we show that d 18O values
during the LGM at NTC were lower than in the Holocene,
in contrast to the conclusions of Amundson et al. [1996]. Our
tooth enamel data, as well as published results elsewhere
in North America, verify the accuracy of GCM models of
atmospheric circulation and precipitation d 18O values, and
support the use of stable isotopes in fossil teeth for understanding past local water compositions and atmospheric
circulation patterns.

2. Oxygen Isotopes of Teeth
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[4] Teeth consist mineralogically of dahllite, or hydroxyapatite with major substitution of CO3 for PO4 and OH
groups. For oxygen isotopes, either the PO4 or CO3 component may be analyzed for d18O; in this study we analyzed
the CO3 component. Reviews of stable isotopes in teeth
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Figure 1. Sample localities, summer precipitation anomalies
for the LGM vs. modern conditions [from Shin et al., 2003]
(white lines are zero contours), and contours of change to
mean annual d18O of precipitation (solid lines; ECHAM model
[Hoffmann et al., 2000]) and to JJA temperature (dashed lines
[Shin et al., 2003]) for LGM vs. modern. Large arrow shows
direction of LGM anticyclone predicted by GCM’s [e.g.,
COHMAP Members, 1988]. Winter precipitation anomalies
are negligible for the region considered, and winter and
summer temperature anomalies are similar. Inset shows less
distorted outline of Wyoming with relevant isotope and
temperature contour. WRT = Wind River terraces studied by
Amundson et al. [1996]; NTC = Natural Trap Cave. Both
localities are within region of predicted drier summers, colder
temperatures, and lower mean annual d 18O of precipitation
during LGM. Topographically high areas in Wyoming are
outlined in inset. T10, F9, HM, K4, and K98 are areas studied
by Takeuchi et al. [2009], Feranec et al. [2009], Higgins
and MacFadden [2004], Koch et al. [2004], and Koch et al.
[1998], respectively.
are provided by Koch [1998, 2007], MacFadden [2000],
Kohn and Cerling [2002] and Kohn and Dettman [2007].
In general, oxygen isotopes in tooth enamel reflect local
water compositions [Kohn, 1996], which in turn proxies for
precipitation. Different species may exhibit second‐order
dependencies on relative humidity and different isotope
offsets relative to other species, but in this study we focused
on species whose modern representatives (same genus,
subfamily, or family) are especially water dependent and
exhibit mutually similar compositions in modern settings.
Although different teeth mineralize at different times, there is
as yet no evidence for ontogenetic differences in tooth d18O
values in large herbivores [Kohn et al., 1998, 2002], implying
that any tooth may be analyzed to infer local water d 18O.

3. Samples and Analysis
[5] Samples and methods are described in more detail
in the auxiliary material.1 In brief, ages were grouped into
“LGM” (20–25 ka), “post‐LGM” (13–20 ka), and Holocene
(Holocene and historical specimens). We analyzed teeth
from Bootherium bombifrons (woodland muskox), Bison

sp. (bison), Equus sp. (horse), and Mammuthus sp. (mammoth; Table 2) because (a) compositions of these groups are
known to be particularly sensitive to local water compositions [Kohn and Cerling, 2002; Kohn and Dettman, 2007;
Kohn and Fremd, 2007], (b) these teeth are common and
many were made available for analysis, and (c) a large
dataset already exists for modern representatives of the same
genera, subfamilies and families. A single historical sample
of Bos taurus from NTC was also analyzed. Sampling and
analytical methods followed Kohn et al. [2005], which
involves measuring isotope zoning along the length of
a tooth, with chemical processing based on the work by
Koch et al. [1997]. For converting tooth enamel compositions to water compositions (Table 2), we used the equations
of Kohn and Dettman [2007] for the subfamily Bovinae
(Bootherium, Bison, and Bos), Kohn and Fremd [2007] for
Equus, and an average of these 2 equations for Mammuthus,
noting that modern elephant compositions overlap those of
Bovinae and Equidae [Kohn and Cerling, 2002]. Modern
water compositions were inferred from regional trends in
precipitation [Dutton et al., 2005], river water [Coplen and
Kendall, 2000] or local water sources [Friedman, 2000].

4. Results and Discussion
[6] A plot of d18O vs. time for NTC (Figure 2a) shows a
systematic increase in mean d18O from the LGM to the
Holocene. Error bars in Figure 2 correspond to standard
errors, and seasonal variation preserved as isotopic zoning
contributes significantly to overall uncertainties. Standard
errors are appropriate for comparing compositions from different times, although systematic errors in calibrations could
cause compositions to be shifted systematically to higher
or lower d 18O values. Large shifts appear to be ruled out,
however, by the good correspondence between inferred water
compositions for modern measurements (−15 ± 2‰) vs.
inferences from Bos compositions (c. −14‰). All data
imply lower d18O values for the LGM than for the Holocene: −1.0 ± 2.0‰ for Bison, −1.2 ± 2.0‰ for Mammuthus,
−2.3 ± 1.1‰ for Bootherium, and −2.6 ± 2.0‰ for Equus
(average of −1.8 ± 1.6‰; all errors 2 s.e.). These data are
most consistent with GCM model predictions that glacial
age d 18O values were lower by c. 2‰ than modern values
[Hoffmann et al., 2000], and wholly different from interpretations of Amundson et al. [1996] that glacial‐age d 18O
values were higher by c. 5‰. Geographic differences
between NTC and WRT could not induce these differences,
as modern and predicted LGM precipitation patterns are
so similar (Table 1 and Figure 2). Our isotopic results have
important implications for atmospheric circulation patterns
1
Auxiliary materials are available in the HTML. doi:10.1029/
2010GL045404.

Table 1. Modern Climate Data for Sites Near NTC and WRTa
Month

J

F

M

A

M

J

J

A

S

O

N

D

Ave.

NTC Precip
WRT Precip
NTC Temp
WRT Temp

10.9
4.7
−7.8
−7.8

8.3
5.2
−3.9
−4.3

10.7
10.3
1.7
1.1

20.7
26.9
7.3
6.6

33.8
44.2
12.5
12.5

34.8
34.1
17.7
17.2

17.3
19.5
22.0
21.5

13.2
14.1
20.4
20.0

23.4
21.4
14.2
14.5

18.5
17.2
7.6
8.0

10.5
8.9
−0.1
−0.8

9.3
5.5
−6.3
−6.4

211.3
212.1
7.1
6.8

a
Precipitation is in mm/month, temperature is in °C. Stations used were Shell and Lovell (NTC), and Diversion, Morton 1, Pavillion, Riverton
(downtown), and Shoshoni for WRT. The standard deviation for WRT mean annual averages is ∼24 mm/yr (precipitation) and 0.5 °C (temperature).
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Table 2. Means±2 s.e. for Tooth Enamel d 18O From Natural Trap Cave, Wyoming, and Calculated d 18O of Local Watera
Genus

Tooth LGM

Tooth Post‐LGM

Tooth Holocene

Water LGM

Water Post‐LGM

Water Holocene

Bison
Bootherium
Equus
Mammuthus

17.8±1.6
16.6±0.6
16.9±0.3
17.4±0.4

17.7±1.1
17.4±0.8
18.2±0.5
18.6±0.4

18.7±0.9
18.7±0.9

−15.2±1.8
−16.4±0.6
−17.6±0.4
−16.2±0.4

−15.2±1.2
−15.6±0.8
−16.0±0.6
−14.9±0.5

−14.2±1.0
−14.2±1.0
−15.0±2.0
−15.0±2.0

a

Oxygen isotope compositions relative to V‐SMOW. A complete tabulation of data is available in the supporting file.

during glacial periods, and the accuracy of recent GCM
models overall.
[7] Modern precipitation patterns in central‐western North
America including Wyoming are dominated by moisture
from the Pacific during the winter, with contributions from
the Gulf of Mexico during the summer. Summer moisture
from the Gulf of Mexico has higher d 18O values, because of
higher temperatures of precipitation and of the moisture
source [e.g., Vachon et al., 2010]. During glacial periods,
the North American icecap should have induced anticyclonic circulation across central North America (large
arrow in Figure 1 [COHMAP Members, 1988]). This circulation, in turn, should have drawn additional moisture
from the Gulf of Mexico and Gulf of California/Pacific
into the southern United States and northern Mexico.
Presumably, this circulation induced higher d18O values
and summer precipitation amounts over some region of the
continent. Some GCM’s do predict such increased precipitation and d18O values in the southern US and northern
Mexico (Figure 1). Outside of Wyoming, fossils from central Texas are the best characterized isotopically and chronologically, and oxygen isotope data for the same mammal
genera there in fact show higher LGM d 18O values than
post‐LGM or modern compositions [Koch et al., 2004;
Dutton et al., 2005] (Figure 2b), consistent with this prediction. Calculated Pleistocene water d18O values from
Florida (−1.5‰ [Koch et al., 1998]), Arizona (−5.5‰
[Higgins and MacFadden, 2004]) and southern California
(−8‰ [Feranec et al., 2009]) are also similar to or higher
than modern estimates: −3.5, −8.0, and −7.5‰, respectively
(data from Coplen and Kendall [2000] and Friedman

[2000]). The main question, however, is the degree to
which such high d18O moisture penetrated northwards.
Contra Amundson et al. [1996], our data demonstrate that
enhanced transport of moisture from the Gulf of Mexico
could not have advanced as far north as Wyoming. That is,
our data strongly support the accuracy of some GCM
models, including the occurrence of lower d18O values in
Wyoming, and a decreased proportion of (high d 18O)
summer precipitation [Hoffmann et al., 2000; Shin et al.,
2003]. Recent OAGCMs now suggest an increase in proportion of summer precipitation [e.g., Laine et al., 2009] and
appear inconsistent with our data. A proper comparison,
however, will require incorporating oxygen isotopes in
several such models, especially because Wyoming is near
the transition between zones of increased vs. decreased
precipitation, and different models predict different locations for that transition [e.g., Hoffmann et al., 2000;
Braconnot et al., 2007; Laine et al., 2009]. In that regard,
LGM precipitation and isotopic data from Wyoming provide particularly sensitive tests of GCM accuracy.
[8] Reinterpretation of the high d 18O values of WRT
pedogenic carbonates requires consideration of several
factors. Such carbonate values depend principally on temperature of precipitation and on soil water d 18O values. First,
we note that pedogenic carbonate typically forms during
the hottest and driest season. Maximum temperatures during
the central Wyoming summer average ∼20 °C today, so
large decreases in temperature are theoretically permitted
before reaching the freezing point of water. In fact, LGM
temperatures in central Wyoming are predicted to have been
at least ∼8°C cooler than today [Shin et al., 2003], inducing

Figure 2. (a) Mean d 18O of tooth enamel vs. time for faunas from NTC. Band labeled “GCM” assumes essentially linear
change to precipitation d 18O from LGM to 10 ka [Bartlein et al., 1998; Kutzbach et al., 1998], with limits defined by water
compositions estimated from regional precipitation (−15‰) and from modern cow (−14‰). Model prediction labeled
“A96” is expected composition based on pedogenic carbonate values from Wind River terraces [Amundson et al., 1996],
assuming these reflect precipitation d18O only. Gray shaded band is time of LGM. Observations show good correspondence
with GCM, but not with A96, and imply decreased transport of summer moisture from the Gulf of Mexico. Inset shows
proportion of precipitation that falls each month in the NTC vs. WRT areas (Table 2), and demonstrates comparable modern
precipitation patterns. (b) Mean d18O of tooth enamel vs. time for faunas from central Texas [Koch et al., 2004], showing
good correspondence with GCM model.
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a ∼2‰ upward shift to pedogenic carbonate relative to
modern values. This temperature effect would offset any
LGM decrease in precipitation d 18O. Second, aridity in
Wyoming can strongly influence local d 18O values. For
example, local water compositions in modern closed‐basin
lakes in Wyoming, including the Wind River Range, can be
enriched relative to local precipitation and open lakes by as
much as 10–15‰ [Henderson and Shuman, 2009]. Such an
isotopic enrichment might be less during cooler glacial
periods with less evaporation potential, but might well attain
5–10‰, as required to explain the pedogenic carbonate
data. Tooth enamel d 18O values are not expected to show
such a strong aridity effect, however, because the mammals
we analyzed obtain a substantial portion of their oxygen
from drinking water, and there are no closed basin lakes
in the NTC area. Similar arguments apply to paleosol carbonate data from eastern Washington [Takeuchi et al.,
2009]. Pleistocene d 18O values that are 2–3‰ higher
than in the Holocene could readily reflect both decreased
temperature (at least 8 °C [Shin et al., 2003]; Figure 1) and
higher aridity (indicated by higher d13C values).
[9] In sum, we view the tooth enamel d18O data as more
directly reflective of local surface water and precipitation
compositions than pedogenic carbonates. These data strongly
support some GCM models for the LGM that indicate a
reduced proportion of summer precipitation and decreased
d18O values in central North America, and increased d18O
values and proportion of summer precipitation in the southern
and southwestern United States (Figure 2a). Previously
published high d18O values from glacial‐age pedogenic
carbonates [Amundson et al., 1996; Takeuchi et al., 2009]
more likely result from both reduced temperature and evaporative enrichment of local soil waters. Important tests of
LGM GCM’s might include analysis of more sites from the
Rocky Mountains, which should show especially depleted
d18O values.
[10] Acknowledgments. We are extremely grateful to Larry Martin
for making so many specimens available for isotopic analysis, Daniel
Williams for his help deciphering 14C ages and NTC stratigraphy, and three
anonymous reviewers for their incisive and helpful comments. We also
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